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Following the recent finding [M. Kotobuki, R. Leppelt, D. Hansgen, D. Widmann, R.J. Behm, J. Catal. 264
(2009) 67] of a stable oxygen species on non-porous Au/TiO2 catalysts (TiO2: P25, Degussa), which is
active for CO oxidation and which can be reversibly deposited and removed by exposure to O2 and CO
pulses, respectively, we here present results of a TAP (temporal analysis of products) reactor study on
the oxygen storage capacity (‘OSC’) for three Au/TiO2 catalysts supported on mesoporous TiO2 with dif-
ferent structural characteristics and its relation to the CO oxidation activity. The results are compared
with the corresponding behavior of the non-porous Au/P25 supported catalyst. While the general reac-
tion behavior of all catalysts is similar, there are distinct differences both in the absolute oxygen storage
capacity and in its relation to the catalytic activity, depending on the nature of the support. The differ-
ences are associated with variations in the structure of the Au/TiO2 interface and its perimeter, which
is proposed as the adsorption site for active oxygen storage.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Oxide supported Au catalysts have attracted considerable inter-
est because of their high activity for various oxidation and reduc-
tion reactions at low temperatures [1–3], most prominently the
CO oxidation reaction [4–7]. Despite extensive efforts to unravel
the reaction mechanism and the physical origin of their high activ-
ity on a molecular scale (for reviews see [8,9]), however, essential
features of the reaction such as (i) the nature of the active site, (ii)
the activation of oxygen and the nature of the active oxygen spe-
cies, (iii) the effect of the Au particle size on the catalyst activity,
and (iv) the role of the support and metal-support interactions in
the reaction and their influence on the catalytic activity are not
yet resolved and are still under debate.

In recent quantitative measurements in a temporal analysis of
products (TAP) reactor, we had demonstrated that oxide supported
Au catalysts can reversibly store and reactively release ‘active oxy-
gen’ upon exposure to O2 pulses and upon subsequent reaction
with CO pulses, respectively [10,11]. Hence, the existence of an ac-
tive oxygen species, which is stable adsorbed on the catalyst sur-
face at the reaction temperature, was directly demonstrated for
the first time. This was shown first for Au/CeO2 catalysts [10],
and very recently also for Au/TiO2 catalysts, which were supported
on a commercial, non-porous TiO2 material (P25, Degussa) [11].
For Au/TiO2 catalyst with varying Au nanoparticle size, but with
ll rights reserved.
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a similar Au loading, we could furthermore show that the amount
of reversibly deposited ‘active oxygen’, the oxygen storage capacity
(OSC), and the reactivity of the Au/TiO2 catalysts scale about line-
arly with the perimeter of the interface between Au nanoparticles
and TiO2 support, providing strong support for a mechanism where
oxygen activation and its reaction with CO occur at these perimeter
sites [11]. This had been repeatedly postulated so far [5,12–16],
however, hard experimental evidence was missing.

Recently, mesoporous oxides were introduced as alternative
support materials, which may be attractive, e.g., because of their
high surface area or the stabilization of the Au nanoparticles in
the mesopores of the support [17–26]. In previous studies, we
investigated the CO oxidation reaction and the deactivation behav-
ior of mesoporous Au/TiO2 catalysts with higher surface areas and
comparable Au nanoparticle sizes, which were prepared via sol–gel
processing in the presence of surfactants and subsequent Au load-
ing by deposition–precipitation [22,26,27]. We could demonstrate
that these catalysts surpass conventional Au/TiO2 catalysts, which
are based on commercial, non-porous TiO2 material (P25, Degussa),
in their activity for CO oxidation.

In the present publication, we report results of a TAP study on
the ability of these catalysts to store active oxygen. We are partic-
ularly interested in the influence of the higher surface area of the
support and its different modifications (pure anatase or rutile) on
the OSC of the respective catalysts and its relation with their CO
oxidation activity. For comparison, a standard Au/TiO2 catalyst
based on a commercial, non-porous TiO2 material (P25, Degussa,
mixture of 75% anatase and 25% rutile) was investigated as well.

http://dx.doi.org/10.1016/j.jcat.2009.06.020
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Table 2
CO oxidation activity and oxygen storage capacity (OSC) of different mesoporous Au/
TiO2 catalysts and of the standard Au/P25 catalyst after calcination in 10% O2/N2 for
30 min at 400 �C (TAP values for 1:3 diluted Au/Brij and Au/SDS-R catalysts).

Au/P25 Au/Brij Au/SDS-A Au/SDS-R

Initial/steady-state activity for
CO oxidation (atmospheric

pressure)/10�4 mol g�1
Au s�1

34.3 87.1 37.2 34.8
9.4 25.7 12.4 9.2
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The structural properties and the CO oxidation behavior (activity
and deactivation) of these catalysts were described recently [26].
Using a highly stable and reproducible TAP reactor system [28],
we first investigated the formation and reactive removal of active
oxygen and quantified their amount on the differently supported
Au/TiO2 catalysts in multi-pulse TAP measurements, by alternating
sequences of CO and O2 pulses, respectively (Section 3.1). Subse-
quently, we evaluated the activity for CO oxidation on the different
catalysts after oxidative pre-treatment (Section 3.2.1) and after de-
fined changes of the surface oxidation state by sequences of simul-
taneous CO and O2 pulses (‘single-pulse measurements’, Section
3.2.2), respectively. For the latter experiments, the surface state
was changed in a controlled way by CO pulsing or by O2 pulsing
prior to the reaction. These experiments were also used to deter-
mine the amount of active oxygen present on the surface in stea-
dy-state under present reaction conditions (CO:O2 = 1:1, 80 �C
reaction temperature). Finally, the consequences of these results
for the mechanistic understanding of the CO oxidation reaction
on these Au/TiO2 catalysts and of the effect of the mesoporous sup-
ports are discussed.

2. Experimental set-up and procedures

2.1. Preparation and characterization of the mesoporous support
materials and the Au/TiO2 catalysts

The preparation of the mesoporous support materials and the
Au/TiO2 catalysts was described in detail previously [26]. The mes-
oporous TiO2 support material was prepared using an ethylene gly-
col-modified titanium precursor (bis(2-hydroxyethyl)titanate,
EGMT) and a structure-directing surfactant to adjust the pore size
and surface area of the resulting TiO2 material [27]. For the meso-
porous support denoted as ‘‘Brij”, polyethyleneoxide hexadecyle-
ther (Brij56) was used as a structure-arranging surfactant. The
second and third mesoporous supports denoted as ‘SDS-A’ and
‘SDS-R’ were synthesized using also EGMT as titania source, but
using sodium dodecyl sulfate (SDS) as a surfactant. This results in
a mesoporous material with a different surface area and pore
diameter (see Table 1). Using different pH values during the syn-
thesis with SDS as a surfactant resulted in different modifications
for the materials ‘SDS-R’ (rutile) and ‘SDS-A’ (anatase). For compar-
ison, we included a standard catalyst based on commercial P25
(Degussa) with a surface area of 56 m2 g�1, consisting of a mixture
of anatase and rutile. Further details on the preparation and on the
post-treatment of the support materials, in order to remove the
surfactant completely, can be found in Refs. [26,27].
Table 1
Structural and chemical properties of different mesoporous Au/TiO2 catalysts and the
standard Au/P25 catalyst after calcination in 10% O2/N2 for 30 min at 400 �C [26].

Au/P25 Au/Brij Au/SDS-A Au/SDS-R

Au diameter (nm)a 3.0 ± 0.9 3.7 ± 0.9 3.0 ± 0.7 6.1 ± 1.5
Au loading (wt.%)b 2.6 2.6 2.6 4.8
TiO2 modificationc 75% anatase/25%

rutile
Anatase Anatase Rutile

Pore volume in the
mesoporous TiO2

– 0.18 0.28 0.22

Pore size in the
mesoporous TiO2

– 7.5–8.2 4.4–6.3 e

Catalyst surface area
(m2g�1

cat)
d

56 106 175 160

Dilution Au/TiO2:SiO2 1:1 1:1, 1:3 1:1 1:1, 1:3

a Determined by TEM.
b Determined by ICP-AES.
c Determined by XRD.
d Determined by low temperature N2 adsorption (BET).
e Not well defined.
The Au/TiO2 catalysts were prepared via a deposition–precipita-
tion method, which had already been described in detail in Refs.
[29,30], using the TiO2 materials described above or non-porous
TiO2 (P25) as a support. Based on the surfactant used for the prep-
aration of the support (SDS-R, SDS-A, Brij56) or on the name of the
commercial support (P25), the resulting catalysts are denoted as
Au/SDS-R, Au/SDS-A, Au/Brij, and Au/P25. To exclude subsequent
modifications of the catalysts with time, the as-prepared samples
were stored in the dark at low temperatures [31]. Prior to their
use in TAP reactor measurements, the samples were dried at
100 �C in a flow of Ar for 15 h [32] (see also Ref. [26]) and were
subsequently pre-treated by in-situ calcination in 10% O2/N2 at a
flow rate of 20 Nml min�1 at 400 �C for 30 min [33], resulting in
well-defined, fully oxidized catalysts as the starting point for sub-
sequent pulse measurements.

The structural properties and the catalytic activity for CO oxida-
tion of the resulting catalysts were determined previously by
transmission electron microscopy (TEM), X-ray photoelectron
spectroscopy (XPS), X-ray diffraction (XRD), N2 adsorption (BET
measurements) and by micro-reactor measurements at atmo-
spheric pressure under differential reaction conditions [26]. The
resulting characteristics are summarized in Tables 1 and 2, respec-
tively. Specially, the different surface areas and modifications of
the support materials should be noted, which were determined
by the respective preparation procedure. When Brij56 was used
as a structure-arranging surfactant, the corresponding catalyst
(Au/Brij) had a surface area of 106 m2 g�1 and an average pore size
of 7.5–8.2 nm. The Au/SDS-A and Au/SDS-R catalysts had higher
surface areas (175 m2 g�1 and 160 m2 g�1, respectively) and lower
pore diameters (4.4- 6.3 nm, Au/SDS-A) or pores that were not well
defined (Au/SDS-R), respectively. The non-porous Au/P25 catalyst
finally had a surface area of 56 m2 g�1. Moreover, the mesoporous
supports consisted either of pure anatase (Au/SDS-A and Au/Brij)
or pure rutile (Au/SDS-R), while P25 was a mixture of 75% anatase
and 25% rutile. The gold content, measured by ICP-AES, was the
same for Au/SDS-A, Au/Brij, and Au/P25 (2.6 wt.%) and was about
[26]
Initial/steady-state activity for

CO oxidation (atmospheric

pressure)/10�4 mol g�1
cat s�1

[26]

0.89 2.26 0.97 1.67
0.24 0.67 0.32 0.44

Initial/steady-state turnover
frequency for CO oxidation
(atmospheric pressure)/s�1

[26]

2.0 6.3 2.2 4.2
0.5 1.9 0.7 1.1

Initial/steady-state turnover
frequency for CO oxidation
per Au perimeter site
(atmospheric pressure)/s�1

[26]

12.2 46.5 13.5 49.3
3.1 14.0 4.3 12.9

TAP: CO conversion (%) under
steady-state conditions

88 15 76 20

TAP: CO conversion (molecules
CO) under steady-state
conditions per pulse and
perimeter site/10�2

7.8 1.8 5.4 3.4

TAP: OSC (molecules O2g�1
cat) 2.1 � 1018 0.3 � 1018 0.6 � 1018 0.9 � 1018

TAP: OSC (O atoms/perimeter
site Au–TiO2)

0.81 0.18 0.23 0.73
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a factor of 2 higher for the Au/SDS-R catalyst (4.8 wt.%). Also the
average diameters of the Au nanoparticles after calcination were
rather similar for Au/SDS-A, Au/Brij, and Au/P25 (3.0 nm for the
Au/P25 and the Au/SDS-A catalysts and 3.7 nm for the Au/Brij cat-
alyst) and again higher for the Au/SDS-R catalyst (6.1 nm). XPS
measurements of the catalysts performed after conditioning
showed that Au mainly existed in its metallic Au0 state with a
Au(4f) binding energy of 84.0 ± 0.1 eV [34,35].

2.2. TAP reactor measurements

The pulse experiments were carried out in a home-built TAP
reactor [28], which is largely based on the TAP-2 approach of
Gleaves et al. [36]. In short, piezo-electric pulse valves were used
to generate gas pulses of typically about 8 � 1015 molecules per
pulse. For all the measurements presented, these pulses contained
50% Ar as an internal standard to enable quantitative evaluation on
an absolute scale. The gas pulses were directed into a quartz tube
micro-reactor. The catalyst bed was located in its central part and
was fixed by two stainless steel sieves (Haver & Boecker OHG,
transmission 25%). Ten milligrams of the catalyst were diluted
with SiO2 (‘gebaflot 010’ from Dorfner GmbH, grain size 100–
200 lm) in a ratio of 1:1 (Au/P25, Au/Brij, Au/SDS-A, and Au/
SDS-R) or 1:3 (Au/Brij, Au/SDS-R). This resulted in comparable
pulse durations over the 1:1 Au/SDS and Au/P25 samples, while
on the Au/Brij (1:1) and Au/SDS-R (1:1) samples the pulses were
about double as long as on the other catalysts. Therefore, we also
used more strongly diluted Au/Brij (1:3) and Au/SDS-R (1:3) sam-
ples (with the same amount of active catalyst) in an additional ser-
ies of experiments. The diluted catalysts were packed between two
layers of SiO2, resulting in a three-zone catalyst bed [37] with a to-
tal mass of 150 mg for all samples (10 mg of the pure catalyst and
140 mg of SiO2) and a total catalyst bed length of about 8 mm. The
metal sieves and the SiO2 were checked earlier to be catalytically
inactive in the temperature range investigated [10]. After passing
through the catalyst bed and a differentially pumped gate valve,
the gases propagated into the analysis chamber where they were
analyzed by a quadrupole mass spectrometer (Pfeiffer Vacuum,
QMG 700). The analysis chamber was pumped by two turbomolec-
ular pumps (Pfeiffer Vacuum, TPU 2101P and 1001P), resulting in a
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Fig. 1. Pulse responses during a multi-pulse experiment performed at 80 �C over the Au
base pressure of less than 2 � 10�9 mbar during the measure-
ments. The home-built differentially pumped gate valve [28] al-
lows to (i) connect the end of the reactor tube directly to the
analysis chamber, (ii) close the reactor and analysis chamber to al-
low for sample exchange, or (iii) close only the analysis chamber
and open a connection from the reactor to a roughing pump. In
the latter case, the reactor can be operated under continuous flow
conditions at atmospheric pressure. This mode is used, e,g., for
in-situ catalyst conditioning (with reduced pumping speed) or for
evacuating the reactor before opening the connection to the anal-
ysis chamber [28]. All measurements were performed at 80 �C
reaction temperature.

3. Results and discussion

Within this study, two types of TAP measurements were per-
formed, either admitting sequences of CO/Ar or O2/Ar pulses,
respectively, to the catalyst in order to deposit or reactively re-
move active oxygen from the catalyst surface and thus change its
oxidation state (multi-pulse experiments), or simultaneously
admitting CO/Ar and O2/Ar pulses to evaluate the activity for CO
oxidation (CO:O2 � 1:1). During the simultaneous pulse sequences
the amount of active oxygen on the surface may change as well,
which can be derived by comparing the stoichiometry of CO and
O2 consumption for CO2 formation. Furthermore, in both types of
measurements the formation of stable, adsorbed carbon-contain-
ing species can, at least in principle (see below), be determined
from the carbon balance by comparison of the CO consumption
and CO2 desorption. Based on the results of previous in-situ IR
spectroscopic measurements, which showed a rapid build-up of
surface carbonate species during the reaction [26], and since CO2

adsorption is weak on these catalysts, deficits in the carbon bal-
ance would be attributed to the formation of stable, adsorbed sur-
face carbonates.

3.1. Multi-pulse TAP reactor measurements

Following the previous study on Au/P25 [11], we first tested
whether active oxygen species, which are reactive for the CO oxi-
dation and which are stable on the surface of a mesoporous Au/
0
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/P25 and the Au/SDS-A catalysts after calcination in 10% O2/N2 for 30 min at 400 �C.
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TiO2 catalyst at a typical reaction temperature of 80 �C, can be
formed upon calcination or O2 pulsing. The time between single
pulses for these multi-pulse experiments was chosen to be 10 s,
which was large enough for the educt gases to completely pass
through the catalyst bed before the next pulse was admitted. Con-
sidering the rather low temperature and the duration of the pulse
sequences (16 min for the O2 pulse sequence and 33 min for CO),
oxygen storage can be assumed to be an essentially pure surface
reaction, rather than being dominated by bulk diffusion processes.

In these measurements, we alternately exposed the catalysts to
sequences of 200 CO/Ar and 100 O2/Ar pulses, which were found to
be sufficient to reach stable catalyst conditions. At the end of the
respective sequences, we could not detect any consumption of
the reactive gases. This is illustrated in representative sequences
of pulse responses obtained on the Au/P25 and the Au/SDS-A cata-
lysts, respectively, in Fig. 1. It is already clear from the raw data
that the OSC of the Au/SDS-A catalyst was significantly lower than
that of the Au/P25 catalyst. A detailed discussion on the quantita-
tive differences for all catalysts is given below.

The amount of CO or O2 consumed during these experiments,
when exposing the oxidized catalyst to CO pulses or the reduced
catalyst to O2 pulses, respectively, is shown in Fig. 2 for the Au/
P25 catalyst. The consumption within one pulse sequence, calcu-
lated from the missing amount of reactant gas within each single
pulse, was highest at the beginning and got smaller with increasing
saturation of the catalyst surface, until there was no more uptake
detectable. The general behavior was the same over all samples,
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Fig. 2. Total amount of (a) CO and (b) O2 consumed during the multi-pulse
experiments at 80 �C on the Au/P25 catalyst after calcination in 10% O2/N2 for
30 min at 400 �C (O400) during three oxidation/reduction cycles. The filled symbols
in (a) represent the CO consumption during the first sequence after calcination.
only the total amounts of reactive gas consumption were different
for each sample. As has been described already in Ref. [11], the first
pulse sequence of CO directly after conditioning in O2 showed a
distinctly higher amount of CO consumption and CO2 production
compared to the following sequences. It was also significantly
higher than the amount of active oxygen taken up in the following
sequence of O2 pulses, while in the later sequences the uptake and
reactive release of active oxygen were identical. Hence, in the sub-
sequent cycles active oxygen deposition and removal were fully
reversible. The observation of a higher amount of active oxygen re-
moval in the first sequence of CO pulses indicates that O2 pulsing
was not sufficient to completely fill all adsorption sites for active
oxygen which were accessible during calcination in O2 at 400 �C.
Finally, the carbon mass balance also shows no measurable differ-
ence between CO consumption and CO2 formation, indicating that
the build-up of carbon containing species on the surface was below
the detection limit of these measurements.

The absolute amounts of CO consumption and O2 consumption
determined for the different catalysts are illustrated in Fig. 3,
which shows (i) the amount of CO consumed during the first se-
quence of CO pulses after O400 pre-treatment, (ii) the amount of
CO consumed after the reversible storage of oxygen on the cata-
lysts by O2 pulses, and (iii) the absolute amount of oxygen that
can be stored on the reduced surface, after CO pulsing, and subse-
quently reacted away by CO pulses (OSC). For better comparison,
the amount of O2 consumption is multiplied by a factor of two to
account for the reaction stoichiometry. The corresponding values
are also listed out in Table 2. For all four catalysts, the amount of
active oxygen deposited during calcination was significantly high-
er than that reversibly deposited/removed during subsequent
pulse sequences. The relative differences, however, varied signifi-
cantly, ranging from a factor of 2.4 (Au/P25) to a factor of 7.6
(Au/Brij). Furthermore, the absolute amount of reversible active
oxygen uptake also varied considerably between the catalysts,
with significantly lower active oxygen uptake on the mesoporous
Au/TiO2 catalysts (0.9 � 1018, 0.6 � 1018, and 0.3 � 1018 molecules
O2 g�1

cat for the Au/SDS-R, Au/SDS-A, and Au/Brij catalysts, respec-
tively) than on the non-porous Au/P25 catalyst (2.1 � 1018 mole-
cules O2 g�1

cat).
Obviously, there is no correlation between the OSC and the sur-

face area of the support for the different mesoporous and non-por-
ous catalysts investigated. In this respect, it is important to note
that for all catalysts the total amount of active oxygen removable
from the surface is only a very small fraction of the total surface
oxygen (0.74% for Au/P25, 0.07% for Au/SDS-A, 0.11% for Au/SDS-
R, and 0.06% for the Au/Brij catalysts). The OSC was highest on
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Fig. 3. Comparison of the (reversible) OSC (oxygen atoms) and the amount of CO
consumed during the multi-pulse experiments at 80 �C over the differently
supported catalysts after calcination in 10% O2/N2 for 30 min at 400 �C (O400).
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the Au/P25 sample, which had the lowest surface area, and was
significantly lower on the mesoporous catalysts, whose surface
areas were between twofold and threefold as high. This result is
consistent with our previous conclusion for Au/P25 that the surface
area is not the dominant factor determining the OSC (see below)
[11]. It should also be noted that the mesoporous catalysts con-
sisted either only of (defect rich) anatase or only of rutile, while
P25 consisted of a mixture of anatase and rutile.

In our previous study on similar type Au/P25 catalysts with
identical Au loading but with different particle sizes, we had found
that the OSC scales about linearly with the number of perimeter
sites at the interface between Au nanoparticles and TiO2 support
[11]. Assuming hemispherical Au particles for all catalysts and
using the mean Au particle sizes and Au loadings of the different
catalysts (see Table 1), we can calculate the local coverage of active
oxygen species per perimeter Au atom (this is calculated for ad-
sorbed oxygen atoms, for details see [11]). This results in local oxy-
gen coverages of 0.81 (Au/P25), 0.73 (Au/SDS-R), 0.23 (Au/SDS-A),
and 0.18 (Au/Brij).

The present results demonstrate that the Au–TiO2 interface
perimeter length is not the only factor determining the OSC.
Apparently, the situation is more complex when comparing Au/
TiO2 catalysts supported on different TiO2 materials than for cata-
lysts based on the same support material. Most simply, the differ-
ent OSCs of the mesoporous and non-porous Au/TiO2 catalysts can
be understood by assuming that the structure and chemical nature
of the Au–TiO2 interface perimeter differ for the different TiO2

materials, with fewer accessible adsorption sites for active oxygen
on the mesoporous catalysts, in particular on the anatase-based
catalysts, than on the non-porous standard Au/P25 catalyst. How-
ever, other, more complex effects cannot be ruled out, e.g., carbon
impurities resulting from the synthesis of the mesoporous materi-
als. Such residues were in fact detected by DRIFTS measurements
on the mesoporous catalyst after the same conditioning as used
here, but not on Au/P25 [26]. Also the modification of the support
may play an important role.

Finally, the direct correlation between OSC and the CO oxida-
tion activity, which was observed for Au/P25 catalysts with differ-
ent Au particle sizes [11], also did not exist when comparing the
Au/TiO2 catalysts supported on different TiO2 materials. The OSC
on the Au/SDS-A catalyst was by a factor of about 4 lower than that
on the Au/P25 catalyst, although the CO oxidation activity in TAP
reactor measurements (description see below) was only slightly
lower compared to Au/P25. This will be discussed in more detail
in the following section, after presenting the single-pulse
measurements.

3.2. Simultaneous pulse TAP reactor measurements

The activity for CO oxidation at 80 �C was evaluated during
simultaneous pulses of CO/Ar and O2/Ar, both from the consump-
tion of O2 and CO and from the formation of CO2 which were de-
tected at the reactor exit. In these TAP measurements, the time
between subsequent pulses was 40 s, in order to reach the base
line again for all educt (CO, O2) and product (CO2) gases before
the next pulse was admitted.

To allow for a meaningful quantitative comparison of the cata-
lytic performance of the different catalysts, the pulse duration and
hence the residence time of the educts within the catalyst bed
should be identical. Using the same dilution for all four catalysts
(Au/TiO2:SiO2 = 1:1) resulted in comparable pulse durations for
Au/P25 and Au/SDS-A, while the residence time was much higher
for the Au/Brij and the Au/SDS-R catalysts (not shown). Since there
was essentially no interaction between the inert Ar and the cata-
lyst surface, the longer residence time compared to the Au/P25
and Au/SDS-A catalysts must be due to slower diffusion processes
in these catalysts. To decrease the residence time for the Au/Brij
and the Au/SDS-R catalysts, their dilution was changed from 1:1
to 1:3, resulting in a less densely packed catalyst zone and hence
faster diffusion of the incoming gas pulses through the catalyst
bed. As can be seen in Fig. 4, the residence time of Ar was the same
for all catalysts when using the more highly diluted Au/Brij and Au/
SDS-R catalysts. It should be noted that the SiO2 particles are very
large (average grain size 100–200 lm) compared to the TiO2 parti-
cles (21 nm for P25, agglomerates of even smaller particles for the
mesoporous TiO2 materials). To keep the mass of the pure catalyst
constant, the amount of SiO2 before and after the catalyst zone in
the three zone catalyst bed was decreased accordingly.

3.2.1. CO oxidation after oxidative conditioning
Simultaneous pulse reaction measurements, performed directly

after catalyst calcination and evacuation of the reactor, are illus-
trated in Fig. 5. The general behavior was the same over all four
catalysts, showing a decreasing CO consumption/CO2 formation
and an increasing O2 consumption, until a steady-state situation
was reached. At that point, the consumption of CO and O2 and
the formation of CO2 were essentially stoichiometric. The initial
difference in CO and oxygen consumption reflects a reactive re-
moval of active oxygen from the catalyst surface by CO, equivalent
to a reduction of the catalyst surface. Hence, part of the oxygen
present on the surface after calcination was removed by reaction
with CO, although the reaction atmosphere created by the approx-
imately similar pulse intensities of the CO/Ar and O2/Ar pulses con-
tained a 2:1 excess of O2. From the carbon balance, with essentially
similar CO consumption and CO2 formation, we concluded that
after in-situ calcination the build-up of adsorbed carbon-contain-
ing species was below the detection limit of the measurements.
This is in contrast with our previous findings on an ex-situ calcined
Au/P25 catalyst, where a measurable deficit in the carbon balance
pointed to the build-up of such species during the CO/O2 pulses
[11].

The evolution of the CO conversion with ongoing pulse number
exhibits characteristic differences between the different catalysts.
For all catalysts, the CO conversion was highest at the beginning
of the pulse sequence, reaching almost complete conversion
(100% conversion). For information, complete CO consumption is
indicated by dashed lines in Fig. 5. With increasing pulse number,
the CO conversion decreased. This decrease was rather subtle for
the Au/P25 catalyst, slightly more pronounced for the Au/SDS-A
catalyst, and rather dramatic for the Au/Brij and the Au/SDS-R cat-
alysts. Both for the 1:1 diluted and the 1:3 diluted Au/Brij catalysts,
the CO conversion decreased rapidly, reaching 50% and 16% of the
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initial maximum value after 30 pulses, and qualitatively the same
was true for the Au/SDS-R catalysts. For further increasing pulse
number, the CO oxidation activity remained essentially constant,
except for the Au/P25 catalyst, where it continued to decay slightly
(�3%). After 100 pulses, steady-state conditions were reached for
all catalysts. At that point, the CO conversions were 91% (Au/
P25), 76% (Au/SDS-A), 20% (Au/SDS-R (1:3)), and 15% (Au/Brij
(1:3)), respectively. The high initial activities can be explained by
the presence of larger amounts of active oxygen on the catalysts
after calcination. The less pronounced decrease in activity for the
less diluted Au/Brij (1:1) (final conversion 50%) and Au/SDS-R
(1:1) catalysts (final conversion 47%) compared to the more
strongly diluted Au/Brij (1:3) and Au/SDS-R (1:3) catalysts is tenta-
tively explained by the longer residence time of the reactants in
the catalyst zone on the less diluted catalysts, illustrating the influ-
ence of diffusion processes within the catalyst bed on the catalytic
activity measured in the TAP experiment. (Note that the total
amount of the catalysts was the same in both cases.)

The observation of about similar CO oxidation activities on the
Au/P25 and the mesoporous Au/SDS-A catalysts and of much lower
steady-state CO conversions on the Au/Brij and Au/SDS-R catalysts
in the TAP reactor measurements can be compared with kinetic re-
sults obtained in micro-reactor measurements at atmospheric
pressure. In order to obtain differential reaction conditions, with
CO conversion <20%, the catalysts were highly diluted in these
measurements. For the same catalysts investigated in the present
study, Denkwitz et al. measured reaction rates on the freshly cal-
cined catalyst and their variation over 1000 min on stream for all
catalysts (1% CO, 1% O2, rest N2, atmospheric pressure, 80 �C reac-
tion temperature) [26]. The resulting initial and final rates are
listed out in Table 2 as mass-normalized rates (Au mass and cata-
lyst mass) and as TOF numbers. Comparing the results of the TAP
conversion measurements and of the kinetic measurements (cata-
lyst mass-normalized activities), we found that the order of the
catalytic activity for the CO oxidation was completely reversed in
these two cases. The TAP conversion decreased in the order Au/
P25 > Au/SDS-A > Au/SDS-R > Au/Brij, while for the kinetic mea-
surements the order was opposite. These differences did not disap-
pear when using TOF numbers, or TOF numbers normalized to the
number of Au perimeter sites (see Table 2). The differences be-
tween the two types of activity measurements are most likely re-
lated to the differences in the diffusion properties of the different
catalysts due to the higher surface area and the pore structure of
the mesoporous supports. This was especially true for the Au/Brij
and the Au/SDS-R catalysts, which showed a higher residence time
for the inert Ar standard in the TAP reactor measurements when
using the same dilution as for the Au/P25 and Au/SDS-A catalysts
(1:1 dilution) (see Fig. 4). This required the use of higher dilutions
for the Au/Brij and the Au/SDS-R catalysts (1:3 dilution) in TAP
reactor measurements in order to obtain the same residence time
for all catalysts. In the mixed catalyst bed, consisting of Au catalyst
and SiO2, part of the reactant molecules may not or less often reach
the active centers within the pores of the support and instead pass
through channels provided by the SiO2 particles in direction of the
reactor exit. This would result in a lower CO conversion in the TAP
measurements compared to the other two catalysts as it is ob-
served experimentally. This tentative explanation is supported by
the higher steady-state CO conversion during simultaneous pulse
TAP reactor measurements when using less diluted (1:1 dilution)
Au/Brij and Au/SDS-R catalysts. Effects of the pore diffusion on
the CO oxidation activity of the different Au catalysts will be inves-
tigated in more detail in a forthcoming study.



3

4

 / 
10

15

A. Tost et al. / Journal of Catalysis 266 (2009) 299–307 305
Furthermore, the OSC and the CO oxidation activity also did not
follow the same order, neither the TAP conversion-based activities
nor the steady-state activities in the kinetic measurements. This
discrepancy differs distinctly from our previous observations of
an almost linear correlation between the turnover frequency in
atmospheric pressure measurements and the OSC, which was ob-
tained in TAP reactor measurements for Au/P25 catalysts with
identical Au loading, but with different Au particle sizes [11]. Obvi-
ously, the close correlation between OSC and CO oxidation activity
is valid only for similar type catalysts.

Finally, we used the data shown in Fig. 5 to determine the
amount of active oxygen present on the catalyst under steady-state
reaction conditions. From the quantitative evaluation of the CO2

formation/CO consumption and of the O2 consumption, we calcu-
lated the amount of active oxygen, which was reactively removed
from the calcined catalyst during the CO oxidation reaction under
present reaction conditions until reaching steady-state conditions.
The corresponding amounts of the additionally converted oxygen
atoms from the catalyst after the O400 treatment were
5.3 � 1018 O atoms g�1

cat for Au/P25, 4.5 � 1018 O atoms g�1
cat for

Au/SDS-A, 4.0 � 1018 O atoms g�1
cat for Au/SDS-R, and 2.6 � 1018 O

atoms g�1
cat for Au/Brij (see Table 3). These results can be compared

with the loss of active oxygen determined for initial reduction (CO
pulsing) and subsequent re-oxidation (O2 pulsing) of the calcined
catalysts, which was determined in the multi-pulse experiments.
This sequence also results in the oxidized state of the catalyst
(see Section 3.1). The resulting values are listed out in Table 3. They
indicate that, within the precision of the measurements of
±0.1 � 1015 molecules per pulse (±0.3 � 1018 molecules O2 g�1

cat),
the catalyst surface composition during CO oxidation in simulta-
neous TAP pulses (steady-state, present reaction conditions) is
close to that of the ‘oxidized state’ obtained after O2 pulsing.

3.2.2. CO oxidation after defined changes of the catalyst surface
For more direct conclusions on the state of the catalyst during

the CO oxidation reaction in simultaneous TAP pulses, this ques-
tion was investigated in more detail by using catalysts which were
pre-treated such that the reaction started directly with a reduced
or oxidized catalyst, respectively. This was done by similar sin-
gle-pulse measurements as described in the previous section by
using catalysts which were first exposed to the reaction mixture
to reach steady-state conditions and were subsequently either oxi-
dized by a subsequent sequence of 100 pulses O2/Ar or reduced by
a subsequent sequence of 200 pulses CO/Ar. The resulting catalysts
are described as ‘oxidized’ or ‘reduced’, where these states refer to
oxidation or reduction to the extent possible by O2 pulsing or CO
pulsing.

On the Au/P25 catalyst, exposure of the steady-state catalyst to
the O2 pulses caused only little oxygen uptake, about 3.0 � 1017

molecules O2 g�1
cat (not shown). Subsequent CO oxidation after this
Table 3
Loss of active oxygen of the different Au/TiO2 catalysts in the oxidized and reduced
state (multi-pulse experiments), respectively, and under steady-state reaction
conditions (simultaneous CO/O2 pulsing), always relative to the freshly calcined
catalyst (calcination in 10% O2/N2 for 30 min at 400 �C, 1:3 diluted Au/Brij and Au/
SDS-R catalysts).

State of the catalyst Au/P25 Au/Brij Au/SDS-A Au/SDS-R

Loss of active oxygen in the
reduced state/O atoms g�1

cat

10.4 � 1018 3.9 � 1018 5.0 � 1018 5.9 � 1018

Loss of active oxygen in the
oxidized state/O atoms g�1

cat

6.1 � 1018 3.4 � 1018 3.8 � 1018 4.2 � 1018

Loss of active oxygen during
CO oxidation, under
steady-state conditions/
O atoms g�1

cat

5.3 � 1018 2.6 � 1018 4.5 � 1018 4.0 � 1018
oxidative pre-treatment showed an essentially constant consump-
tion of CO during the 100 pulse sequence and an essentially stoi-
chiometric consumption of O2 within the accuracy of these
measurements (Fig. 6). The latter is illustrated graphically by the
close agreement between consumption of CO and oxygen in
Fig. 6 when using the number of O atoms. Both these results indi-
cate that the steady-state of the catalyst surface during CO oxida-
tion in a 2:1 excess of O2 in the reaction atmosphere is very close to
the ‘oxidized’ state obtained after O2 pulsing. Comparable results
were also obtained over the mesoporous Au/TiO2 catalysts, point-
ing to a similar surface state also on these catalysts during CO oxi-
dation. Similar to that shown in Fig. 5, CO2 formation is essentially
identical to CO consumption and therefore not shown. Hence,
within the precision of the measurement all CO consumed was
converted to CO2.

This conclusion is also supported by similar activity measure-
ments performed on ‘reduced’ catalysts which after the reaction
were exposed to 200 CO pulses. As illustrated in Fig. 7 for the four
catalysts, the O2 consumption over all samples was higher during
the first 40 simultaneous pulses CO/Ar and O2/Ar compared to
the consumption of CO and the formation of CO2, which as shown
in Figs. 5 and 6 is essentially identical to the CO consumption and
therefore not shown. Hence, during the reaction the pre-reduced
catalysts were re-oxidized again. After that period, a steady-state
was reached, which was characterized by stoichiometric consump-
tion of O2 and CO, which is illustrated by the complete agreement
between consumption of CO and O atoms in Fig. 7, and the catalyst
surface is again close to its ‘oxidized’ state.

For the Au/P25 catalyst, the amount of additionally consumed
O2 during this period was 1.7 � 1018 molecules O2 g�1

cat. This is al-
most identical to the amount of oxygen reactively removed from
the surface by the sequence of 200 CO/Ar pulses (see above) after
the CO oxidation reaction (3.3 � 1018 surface oxygen atoms g�1

cat)
for the Au/P25 catalyst, and also close to the measured OSC of
2.1 � 1018 molecules O2 g�1

cat. These results clearly demonstrate
that for the Au/P25 catalyst (i) the steady-state composition of
the catalyst surface during reaction in 2:1 O2 excess is close to that
obtained after O2 pulsing, and (ii) this state does not depend on the
history of the catalyst. Starting with an O2-pulsed ‘oxidized’ cata-
lyst resulted in the same steady-state catalyst surface as starting
with a CO-pulsed ‘reduced’ catalyst. Furthermore, within the
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Fig. 6. CO uptake (�) and O2 uptake (N) during simultaneous CO/Ar and O2/Ar
pulses at 80 �C on the Au/P25 catalyst after reaching steady-state reaction
conditions and subsequent oxidation by 100 pulses O2/Ar. For better comparison
between CO and oxygen consumption, the consumption of atomic oxygen is also
plotted (M). The dashed line indicates the number of consumed CO molecules for
complete conversion of the CO pulses admitted to the micro-reactor.
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resolution of the measurements, we did not find a measurable
change in CO2 formation activity while re-oxidizing the catalyst.

For the mesoporous Au/TiO2 catalysts, a similar quantitative
evaluation was hardly possible due to the much lower activities
and/or the lower OSC values, which also limit the amount of active
oxygen removable per pulse. But it is clear that there is essentially
no change in the oxidation state of the catalyst (no additional CO
consumption) on the ‘oxidized’ surfaces obtained upon O2 pulsing.
In contrast, starting with the reduced catalyst obtained after CO
pulsing, we found re-oxidation of the catalyst to occur, as evident
from the higher oxygen consumption compared to the CO con-
sumption during the first 30 simultaneous pulses. This clearly con-
firms our previous conclusion (see Section 3.2.1) that for all
catalysts investigated and under present reaction conditions
(simultaneous pulsing) the oxidation state during CO oxidation is
close to the oxidized state obtained upon O2 pulsing.

Surprisingly, for all catalysts, the conversion of CO during the
activity measurements on the pre-reduced catalysts was lower
only during the first one or two pulses, and then reached values
slightly higher than those of the steady-state conversion, and final-
ly decayed slowly to the steady-state activity, which was reached
after about 40 pulses. For the Au/P25 and the Au/SDS-A catalysts,
the initial CO conversion/CO2 formation (not shown) were close
to complete CO consumption, which was close to complete CO con-
sumption indicated by the dashed lines. In contrast, for the 1:3 di-
luted Au/SDS-R and Au/Brij catalysts, the initial CO conversion/CO2

formation (not shown) also were distinctly lower than the limit of
complete CO conversion, which was at least partly due to the
transport effects discussed before. On the less strongly diluted
(1:1 dilution) Au/SDS-R and Au/Brij catalysts, the maximum CO
consumption was significantly higher than that on the 1:3 diluted
catalysts. It was close to complete CO consumption for the Au/SDS-
R catalyst, and significantly below complete conversion for the Au/
Brij catalyst. From these observations we conclude that the forma-
tion of the active oxygen species for CO oxidation is fast on all cat-
alysts. The presence of a maximum in CO conversion after few
pulses, which was observed on the mesoporous catalysts, indicates
that the most active state of the surface, under present reaction
conditions, is reached at an oxygen vacancy concentration which
is slightly higher than that during CO oxidation under steady-state
conditions. Similar observations were also reported recently for CO
oxidation on Au/CeO2 catalysts [10].

4. Summary and conclusions

Using a highly stable TAP reactor set-up, we have investigated
the formation and reactive removal of stable adsorbed oxygen,
which is reactive for the CO oxidation reaction on mesoporous
and non-porous Au/TiO2 catalysts with comparable Au loading
and Au particle sizes by multi-pulse and single-pulse experiments.
The experiments focused on the differences in oxygen storage
capacity and CO oxidation activity when changing the nature of
the support from conventional, non-porous P25 to mesoporous
TiO2. The main results of these measurements and the resulting
conclusions are as follows:

1. On all catalysts, stable, adsorbed reactive oxygen is formed by
calcination at 400 �C as well as by exposure to O2 pulses at
80 �C. Calcination always results in a higher amount of active
oxygen than exposure of a ‘reduced’ catalyst to a sequence of
O2 pulses at 80 �C. After the initial reduction cycle, re-deposi-
tion of active oxygen and its reactive removal by exposure to
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sequences of O2 and CO pulses, respectively, are fully reversible.
The oxygen storage capacity of the mesoporous catalysts
(reversible active oxygen per gram catalyst) is significantly
lower than that of the non-porous Au/P25 catalyst, for the ini-
tial oxygen deposition both during calcination and during
reversible pulsing.

2. Comparing the oxygen storage capacity of the different cata-
lysts, this is neither correlated to the overall surface area of
the catalysts, nor does it scale with the number of (accessible)
perimeter sites at the interface between Au nanoparticles and
TiO2 support: The surface areas are significantly higher for the
mesoporous catalysts than for the Au/P25 catalyst, while the
OSC is highest on the latter catalyst, and the coverage of active
oxygen relative to the interface perimeter sites varies between
0.18 (Au/Brij) and 0.81 (Au/P25). Hence, the OSC is little
affected by the overall surface area of the catalysts, and the
number of perimeter sites is not the only important parameter
for determining the OSC. We propose that as an additional fac-
tor, the nature of the support also and hence the structure/
chemical nature of the interface perimeter sites are decisive
for the OSC. This includes different support modifications, as
evidenced by the difference between Au/SDS-R and Au/SDS-A,
as well as the modifications of the interface perimeter due to
chemical effects such as carbon residues, which are possibly
present at the interface of the mesoporous supports. For Au/
TiO2 catalysts supported on the same support material, as it
was the case in our previous study on Au/P25 catalysts with dif-
ferent Au particle sizes, such effects play no role, and the num-
ber of perimeter sites is left as the main parameter. For catalysts
supported on different materials, the latter effects can become
equally important.

3. For all catalysts investigated, the oxidation state of the catalyst
surface during reaction in simultaneous CO and O2 pulses, in an
excess of O2 (identical pulse intensities for CO and O2 result in a
2:1 oxygen excess), is close to the ‘oxidized’ state obtained upon
O2 pulsing on a reduced catalyst. The surface state of the cata-
lysts and also the CO oxidation activity of the catalysts under
steady-state conditions, during simultaneous CO/Ar and O2/Ar
pulses, are independent of the previous history of the catalyst
(calcination, exposure to reaction atmosphere and subsequent
reduction by CO pulses, exposure to reaction atmosphere and
subsequent oxidation by O2 pulses). Accordingly, reaction on
the ‘oxidized’ catalysts results in stoichiometric consumption
of CO and O2, while for reaction on the ‘reduced’ catalysts
obtained by CO pulsing, additional O2 is consumed initially,
during the first 40 pulses, which is used to re-oxidize the sur-
face. Hence, also under reaction conditions, the build-up of
reactive adsorbed oxygen is very fast.

4. For all catalysts, the apparent reactivity of the catalysts, as mea-
sured by the CO consumption, is lowest in the reduced state
(first pulses in the sequences shown in Fig. 7), higher in the oxi-
dized state, and highest after calcination or in a state with
slightly less active oxygen than after calcination (Au/SDS-A).
This is easily explained by the increasing presence of active oxy-
gen present on the respective surfaces in this order.

In total, the variation of the support material has a distinct
influence on the ability of the resulting Au/TiO2 catalysts to store
active oxygen, which can also be described as the redox behavior
of the catalysts, and on their catalytic performance for CO oxida-
tion. We propose that for the different mesoporous TiO2 substrate
investigated in this study also the interface perimeter sites act as
active sites for the adsorption of active oxygen and for CO oxida-
tion reaction, in agreement with our recent prediction for Au/P25
[11], but that the adsorption probability on these sites is modified
by differences in the structural and chemical properties of the sup-
port and hence of the interface.

Acknowledgments

This work was supported by the Deutsche Forschungsgeme-
inschaft via Priority Programme SPP 1181 (BE 1201/13-2). We
gratefully acknowledge J. Geserick (Institute of Inorganic Chemis-
try I, Ulm University) for preparing the mesoporous support
materials, Dr. U. Hörmann, L. Kroner and C. Egger (Central Facil-
ity for Electron Microscopy, Institute of Micro- and Nanomateri-
als, Institute of Inorganic Chemistry I, Ulm University) for the
TEM, XRD, and adsorption measurements, and G. Arnold (Center
for Solar Energy and Hydrogen Research, Ulm) for the ICP-AES
measurements.

References

[1] M. Haruta, T. Kobayashi, H. Sano, N. Yamada, Chem. Lett. (1987) 405.
[2] M. Haruta, CATECH 6 (2002) 102.
[3] G.C. Bond, C. Louis, D.T. Thompson, in: Catalysis by Gold, World Scientific,

1999.
[4] G.J. Hutchings, Gold Bull. 29 (1996) 123.
[5] M. Haruta, Catal. Surv. Jpn. 1 (1997) 61.
[6] D. Thompson, Gold Bull. 31 (1998) 111.
[7] G.C. Bond, D.T. Thompson, Gold Bull. 34 (2000) 117.
[8] M.C. Kung, R.J. Davis, H.H. Kung, J. Phys. Chem. C 111 (2007) 11767.
[9] G.C. Bond, C. Louis, D.T. Thompson, in: Catalysis by Gold, Imperial Press,

London, 2007.
[10] D. Widmann, R. Leppelt, R.J. Behm, J. Catal. 251 (2007) 437.
[11] M. Kotobuki, R. Leppelt, D. Hansgen, D. Widmann, R.J. Behm, J. Catal. 264

(2009) 67.
[12] F. Boccuzzi, A. Chiorini, Stud. Surf. Sci. Catal. 140 (2001) 77.
[13] M.M. Schubert, S. Hackenberg, A.C. van Veen, M. Muhler, V. Plzak, R.J. Behm, J.

Catal. 197 (2001) 113.
[14] C.K. Costello, M.C. Kung, H.-S. Oh, Y. Wang, H.H. Kung, Appl. Catal. A 232 (2002)

159.
[15] L.M. Molina, M.D. Rasmussen, B. Hammer, J. Chem. Phys. 120 (2004) 7673.
[16] S.H. Overbury, V. Schwartz, D.R. Mullins, W. Yan, S. Dai, J. Catal. 241 (2006) 56.
[17] J.J. Pietron, R.M. Stroud, D.R. Rolison, Nano Lett. 2 (2002) 545.
[18] S.H. Overbury, L. Ortiz-Soto, H. Zhu, B. Lee, M.D. Amiridis, S. Dai, Catal. Lett. 95

(2004) 99.
[19] J.-H. Liu, Y.-S. Chi, H.-P. Lin, C.-Y. Mou, B.-Z. Wan, Catal. Today 93–95 (2004)

141.
[20] C.-W. Chiang, A. Wang, B.-Z. Wan, C.-Y. Mou, J. Phys. Chem. B 109 (2005)

18042.
[21] C.-W. Chiang, A. Wang, C.-Y. Mou, Catal. Today 117 (2007) 220.
[22] Y. Denkwitz, J. Geserick, U. Hörmann, V. Plzak, U. Kaiser, N. Hüsing, R.J. Behm,

Catal. Lett. 119 (2007) 199.
[23] K.Y. Ho, K.L. Yeung, Gold Bull. 40 (2007) 15.
[24] D. Wang, Z.D.S. Ma, J. Liu, Z. Nie, M.H. Engelhard, Q. Huo, C. Wang, R. Kou, J.

Phys. Chem. C 112 (2008) 13499.
[25] Y. Zhu, W. Li, Y. Zhou, X. Lu, X. Feng, Z. Yang, Catal. Lett. 127 (2009) 406.
[26] Y. Denkwitz, M. Makosch, J. Geserick, U. Hörmann, S. Selve, U. Kaiser, N.

Hüsing, R.J. Behm, Appl. Catal. B: Environ. (2009), doi:10.1016/
j.apcatb.2009.06.016.

[27] J. Geserick, N. Hüsing, R. Rosmanith, K. Landfester, C.K. Weiss, Y. Denkwitz, R.J.
Behm, U. Hörmann, U. Kaiser, Mesoporous Silica and Titania by Glycol-
modified Precursors, 2006, 1007, Materials Research Society, Boston, 2006. p.
S04-13.

[28] R. Leppelt, D. Hansgen, D. Widmann, T. Häring, G. Bräth, R.J. Behm, Rev. Sci.
Instrum. 78 (2007) 104103.

[29] V. Plzak, J. Garche, R.J. Behm, European Fuel Cell News 10 (2003) 16.
[30] B. Schumacher, V. Plzak, J. Cai, R.J. Behm, Catal. Lett. 101 (2004) 215.
[31] R. Zanella, C. Louis, Catal. Today 107–108 (2005) 768.
[32] In a few cases, a different drying procedure was used, by drying the catalyst in

vacuum for 15 h at 100 �C. This led to similar results as drying in an Ar stream.
[33] Note that this pre-treatment procedure is slightly different from that used in

Ref. [11]. In the previous experiments, the catalyst was calcined ex-situ, in a
separate reactor, which allows for interaction with H2O and CO2 during sample
transfer into the TAP reactor. This is ruled out in the present experiments.

[34] J.F. Moulder, W.F. Stickle, P.E. Sobol, K.D. Bomben, in: Handbook of X-ray
Photoelectron Spectroscopy, Perkin Elmer Corp., Eden Prairie/USA, 1992.

[35] H.-G. Boyen, G. Kästle, F. Weigl, B. Koslowski, C. Dietrich, P. Ziemann, J.P. Spatz,
S. Riethmüller, C. Hartmann, M. Möller, G. Schmid, M.G. Garnier, P. Oelhafen,
Science 297 (2002) 1533.

[36] J.T. Gleaves, J.R. Ebner, T.C. Kuechler, Catal. Rev. Sci. Eng. 30 (1988) 49.
[37] S.O. Shekhtman, G.S. Yablonsky, S. Chen, J.T. Gleaves, Chem. Eng. Sci. 54 (1999)

4371.

http://dx.doi.org/10.1016/j.apcatb.2009.06.016
http://dx.doi.org/10.1016/j.apcatb.2009.06.016

	Stable active oxygen on mesoporous Au/TiO2 supported catalysts and its correlation with the CO oxidation activity
	Introduction
	Experimental set-up and procedures
	Preparation and characterization of the mesoporous support materials and the Au/TiO2 catalysts
	TAP reactor measurements

	Results and discussion
	Multi-pulse TAP reactor measurements
	Simultaneous pulse TAP reactor measurements
	CO oxidation after oxidative conditioning
	CO oxidation after defined changes of the catalyst surface


	Summary and conclusions
	Acknowledgments
	References


